Background: Acute exacerbation of idiopathic pulmonary fibrosis (AE-IPF) has an extremely poor prognosis and there is currently no effective treatment for this condition. Direct hemoperfusion with a polymyxin B-immobilized fiber column (PMX-DHP) improves oxygenation, but it is unclear whether treatment of AE-IPF with PMX-DHP affects survival. This study elucidated the effectiveness and safety of PMX-DHP for the treatment of AE-IPF. Methods: This study included 31 patients with 41 episodes of AE-IPF. All patients received steroids. Of 31, 14 patients (20 episodes) were treated with PMX-DHP. The laboratory and physiological test results after the start of therapy and survival were retrospectively compared between patients treated with and without PMX-DHP. Results: Patients treated with PMX-DHP had a significantly greater change in PaO 2 /FiO 2 ratio (mean ± SEM, 58.2 ± 22.5 vs. 0.7 ± 13.3, p = 0.034) and a smaller change in white blood cell count (−630 ± 959 /μL vs. 4500 ± 1190 /μL, p = 0.002) after 2 days of treatment than patients treated without PMX-DHP. The 12-month survival rate was significantly higher in patients treated with PMX-DHP (48.2% vs. 5.9%, p = 0.041). PMX-DHP was effective in patients with more severe underlying disease (GAP stages II or III; 12-month survival rate 57.1% with PMX-DHP vs. 0% without PMX-DHP, p = 0.021). Treatment with PMX-DHP was an independent predictor of better prognosis (hazard ratio 0.345, p = 0.037). Mild pulmonary thromboembolism occurred in one patient treated with PMX-DHP.
Background
Idiopathic pulmonary fibrosis (IPF) has a devastating prognosis [1] . Kondoh et al. first described acute exacerbation in IPF (AE-IPF) [2] , which results in rapid deterioration with a significant impact on the clinical course [3] [4] [5] . The most common pathological finding in AE-IPF is diffuse alveolar damage (DAD) superimposed on usual interstitial pneumonia (UIP)-pattern [3] . There is currently no effective therapy for AE-IPF, and the prognosis is extremely poor [3, [6] [7] [8] . Although steroids and immunosuppresants are used for the treatment of AE-IPF, they do not alter the natural course of the disease [8] . Novel methods of treating AE-IPF are therefore being investigated.
Direct hemoperfusion with a polymyxin B-immobilized fiber column (PMX-DHP) removes plasma endotoxins from gram-negative bacteria, and is an effective treatment for sepsis [9] [10] [11] . PMX-DHP therapy was also reported to be beneficial in patients with gram-positive bacterial infections [10, 11] and endotoxin-negative infections [12] . It is noteworthy that PMX-DHP improves pulmonary oxygenation in patients with acute respiratory distress syndrome (ARDS), which is pathologically characterized by DAD [12] [13] [14] . PMX-DHP was also reported to improve oxygenation in patients with AE-IPF [15] [16] [17] [18] . We recently reported that PMX-DHP was beneficial in patients with acute exacerbation of several types of interstitial pneumonia including IPF [19] , and that a longer duration of PMX-DHP (12 hours) was more effective than a shorter duration of PMX-DHP (≤6 hours) [20] . More recently, Abe et al. reported a larger, multicenter, and retrospective study of PMX-DHP in 160 patients with acute exacerbation of interstitial pneumonia, including 73 patients with AE-IPF [16] . In their study, survival rate at one month and three months were 70.1% and 34.5%, respectively, in patients with AE-IPF, and they concluded that treatment with PMX-DHP for AE-IPF may improve the survival compared to previous reports [16] . However, the precise survival benefit of treatment of AE-IPF with PMX-DHP compared to treatment without PMX-DHP has not been fully elucidated, and the indications for using PMX-DHP are still unknown.
This study investigated the effectiveness and safety of treatment of AE-IPF with PMX-DHP, and analyzed survival after treatment with and without PMX-DHP. This study also sought to identify factors affecting survival in patients with AE-IPF.
Methods

Study design and subjects
Thirty-one patients who were treated for AE-IPF at our hospital between 1997 and 2013 were retrospectively reviewed. Eight patients had two episodes of AE-IPF and one patient had three episodes of AE-IPF (total, 41 episodes). Eighteen patients underwent surgical lung biopsy (SLB) before developing AE-IPF, and met the 2011 consensus criteria for IPF of the American Thoracic Society (ATS), European Respiratory Society (ERS), Japanese Respiratory Society (JRS), and Latin American Thoracic Association (ALAT) [1] . The remaining 13 patients had typical clinical and high-resolution computed tomography (HRCT) features of IPF and were diagnosed with IPF without surgical lung biopsy [21] . Patients who met the criteria for any connective tissue disorders were excluded from the study, even if their histopathological examination showed UIP. Histological diagnosis of UIP was in accordance with previously published reports [1, 22] .
AE-IPF was diagnosed according to the modified diagnostic criteria described by Collard et al. in 2007 [3] . Briefly, the criteria for diagnosis of AE-IPF were: 1) previous or concurrent diagnosis of IPF, 2) unexplained worsening or development of dyspnea within 30 days, 3) HRCT with new bilateral ground-glass abnormality and/or consolidation superimposed on a background reticular or honeycomb pattern, 4) no evidence of pulmonary infection, and 5) exclusion of alternative causes including left heart failure, pulmonary embolism, or an identifiable cause of acute lung injury. Serum endotoxin levels were below the level of detection in all patients treated with PMX-DHP. The study protocol was approved by the Ethical Committee of Hamamatsu University School of Medicine (approval number 25-292).
Data collection
Clinical data, including sex, age, smoking-history, symptoms, treatments, and survival were obtained from the medical records. Laboratory and pulmonary function test results were also recorded. The severity of IPF before AE, oxygenation and HRCT findings during AE, treatments for AE, and survival were retrospectively reviewed. Disease severity of IPF within 12 months before AE was assessed using the GAP-staging system, which considers gender, age, and two lung physiology variables: forced vital capacity (FVC) and diffusion lung capacity for carbon monoxide (DLCO) [23] .
Treatments of AE-IPF
Immediately after the diagnosis of AE-IPF, all patients were started on high-dose corticosteroid pulse therapy (methylprednisolone 1,000 mg/day for 3 days) followed by a tapering dose of prednisolone with or without immunosuppresants (cyclophosphamide or cyclosporine). Some patients also received intravenous sivelestat sodium hydrate.
PMX-DHP therapy
Some patients were treated with PMX-DHP (PMX; Toray Medical Co., Ltd, Tokyo, Japan) starting at the same time as the corticosteroid and immunosuppressant therapy. Starting in 2006, patients were treated with PMX-DHP whenever practicable. Inclusion criteria of PMX-DHP for the treatment of AE-IPF were as follows: 1) current diagnosis of AE-IPF, 2) able and willing to provide informed consent. Exclusion criteria of PMX-DHP for the treatment of AE-IPF were as follows: 1) ≥ 85 year-old, 2) history of hypersensitivity for blood purification or extracorporeal circulation therapy, 3) hemodynamic instability, 4) severe cardiovascular disease, 5) severe hemorrhagic disease, 6) terminal cancer, 7) pregnant or lactating, 8) considered ineligible for PMX-DHP by an attending doctor. A flow chart of treatment with PMX-DHP according to these inclusion and exclusion criteria is shown in Figure 1 . A total of 14 patients (20 episodes) were treated with PMX-DHP. A double-lumen catheter was placed via a femoral or internal jugular vein, and PMX-DHP was administered for 6 or 12 hours (usually 12 hours) at a flow rate of 80-100 mL/minute. PMX-DHP was subsequently repeated once or twice (usually once) within 24 hours. Nafamostat mesilate and/or heparin sodium were used for anticoagulant therapy.
Measurement of cytokine concentrations
Blood samples were collected before and after PMX-DHP. The serum level of angiopoietin-2 was measured using enzyme-linked immunosorbent assay (R&D Systems, Inc., MN, USA).
Evaluation of HRCT findings
The extent of lung opacities was measured on three HRCT slices: at the bifurcation of the trachea, at the bases of the lower lobes, and at the midpoint between the other two slices. The extent of fibrosis in each lobe was scored using following system: 0, none; 1, 1-10%; 2, 11-25%; 3, 26-50%; 4, 51-75%; and 5, 76-100%. The sum of the scores from five lobes (0-25) was used to express the extent of reticular opacity, honeycombing, consolidation opacity, and ground-glass opacity (GGO) in each patient. The pattern of AE-IPF on HRCT was classified as 1) peripheral, 2) multifocal, or 3) diffuse as reported by Akira [24] . The HRCT findings were reviewed by two observers, and the rate of agreement between observers were evaluated by weighted-kappa coefficients. The coefficients were between 0.52 and 0.56. If the score differed between observers, a consensus was reached after discussion.
Statistical analysis
Statistical analyses were performed using StatView J-4.5 (SAS Institute Inc; Cary, NC, USA). Categorical data were compared using the Chi-square test or Fisher's exact probability test for independence, and continuous data were compared using the paired t-test. Overall survival of patient groups was estimated using Kaplan-Meier curves, and was compared between groups using the log-rank test. The relationships between variables, including treatment with PMX-DHP and mortality, were evaluated using Cox's proportional hazards regression analysis. All tests were two-sided and statistical significance was set at p < 0.05.
Results
Demographic, laboratory, and physiological data
The clinical characteristics of the patients, including the laboratory and physiological test results at the time of the first AE-IPF, are shown in Table 1 . The median age of the patients was 69 years, and 28 patients were male. The median observation period was 53 months. The percent predicted FVC (%FVC) and percent predicted DLCO (%DLCO) within 12 months before AE-IPF were moderately impaired (median, 58.8% and 57.1%, respectively). The minimum SpO 2 and the distance walked in the 6-minute walk test (6MWT) were also impaired (median, 82% and 360m, respectively). The severity of IPF within 12 months before AE-IPF was staged using the GAP system [23] . The most common GAP grade was III (the most severe stage), accounting for 10 patients (32.3%). Eighteen of 31 patients (58.1%) received treatment for IPF before AE-IPF, including steroids, immunosuppresants, and pirfenidone. Nine patients (29.0%) received long-term oxygen therapy before AE-IPF. The mortality rate was 38.7% at 3 months after AE-IPF and 74.2% at 12 months after AE-IPF. Fourteen patients (45.2%) were treated with PMX-DHP for 20 episodes of AE-IPF and 17 patients (54.8%) were treated without PMX-DHP for 21 episode of AE-IPF.
AE-IPF
Treatment with PMX-DHP
Able and willing to provide informed consent < Exclusion criteria of PMX-DHP > 1) 85 year-old 2) history of hypersensitivity for blood purification or extracorporeal circulation therapy 3) hemodynamic instability 4) severe cardiovascular disease 5) severe hemorrhagic disease 6) terminal cancer 7) pregnant or lactating 8) considered ineligible for PMX-DHP by an attending doctor There were 6 patients treated without PMX-DHP even after 2006 (2009-2012) . One of them was aged 84-year old and had advanced-lung cancer. Another patient had severe cardiac disease. Another three patients received long-term oxygen therapy and had poor activity of daily living due to slowly progressive IPF before AE-IPF. Therefore, these 5 patients were considered ineligible for PMX-DHP. The other one patient showed good response to treatment with steroids and did not need further PMX-DHP.
Comparisons between patients treated with and without PMX-DHP
The demographic data, preceding IPF treatment, laboratory and physiological tests results, HRCT findings, and treatment for AE-IPF in patients treated with and without PMX-DHP are shown in Table 2 . There were no significant differences between the two groups. Although patients treated with PMX-DHP tended to have a lower GAP-stage before AE-IPF, there were no significant differences before AE-IPF in PaO 2 at rest, 6MWT results, serum levels of Krebs von den Lungen-6 (KL-6) and surfactant protein D (SP-D), or extent score based on HRCT between the two groups. There were also no significant differences in PaO 2 /FiO 2 (P/F) ratio at the time of AE-IPF, time from admission to the start of treatment for AE-IPF, HRCT-patterns at the time of AE-IPF, administration of corticosteroids, immunosuppresants and other agents, or intubation rate between the two groups. Serum endotoxin levels were below the level of detection in all patients treated with PMX-DHP.
PMX-DHP
The details of PMX-DHP are shown in Table 3 . Eighteen of 20 episodes of AE-IPF (90%) were treated with 12-hour periods of PMX-DHP and the remaining 2 episodes (10%) were treated with 6-hour periods of PMX-DHP. Nineteen episodes (95%) of AE-IPF were treated with two periods of PMX-DHP and the other episode was treated with three periods of PMX-DHP. The median time from admission to the start of PMX-DHP was one day. The anticoagulants administered were nafamostat mesilate for 17 episodes of AE-IPF and heparin sodium for 3 episodes of AE-IPF. Thrombomodulin-α was administered to one patient, who did not receive PMX-DHP. Mild pulmonary thromboembolism occurred in one patient, which resolved after anticoagulant therapy. No other adverse events were observed, and PMX-DHP therapy was tolerable in all patients.
Effects of treatment with PMX-DHP on acute phase of AE-IPF
Changes after 2 days of treatment were compared between patients treated with and without PMX-DHP (Figure 2 ). In the PMX-DHP group, steroid-pulse therapy and PMX-DHP were started simultaneously in 17 of the 20 episodes (85.0%). Change in P/F ratio (ΔP/F ratio; P/F ratio 2 days after the start of treatments -P/F ratio just before treatments) was significantly greater in patients treated with PMX-DHP than in patients treated without PMX-DHP (mean ± standard error of the mean, 58.2 ± 22.5 vs. 0.7 ± 13.3, p = 0.034; Figure 2A ). Patients treated with PMX-DHP also had a significantly smaller change in white blood cell count (−630 ± 959/μL vs. 4500 ± 1190 /μL, p = 0.002; Figure 2B ) and change in neutrophil count (1095 ± 1649/μL vs. 6166 ± 1406/μL, p = 0.031; Figure 2C ) than patients treated without PMX-DHP. Patients treated with PMX-DHP also had a significant smaller change in platelet count than patients treated without PMX-DHP (−5.4 ± 0.7 × 10 4 /μL vs. -0.9 ± 1.5 × 10 4 /μL, p = 0.010; Figure 2D ), and there were no episodes of bleeding. Preceding oxygen therapy, +/ -9/22
Period from admission to commencement of treatments for AE, day There was no significant difference in the change in serum lactate dehydrogenase level between the two groups ( Figure 2E ). In patients treated with PMX-DHP, P/F ratio increased significantly after 2 days (p = 0.026; Figure 3A ) and the serum angiopietin-2 level, which is related to vascular permeability [25] , decreased significantly after 2 days (p = 0.022; Figure 3B ).
Effects of treatment with PMX-DHP on survival
Twenty -three of the 31 patients (74.2%) died within 12 months of the first episode of AE-IPF. Eighteen patients died of respiratory failure, four died of infection, and one died of an unknown cause. The Kaplan-Meier survival curves from the time of AE-IPF are shown in Figure 4 . The 12-month survival rate was significantly better in patients treated with PMX-DHP than in patients treated without PMX-DHP (48.2% vs. 5.9%, log-rank test, p = 0.041). Interestingly, the survival benefit of treatment with PMX-DHP was evident from 3 months after the time of AE-IPF. The results of univariate Cox proportional hazards analyses to identify factors that predicted prognosis are shown in DLCO) showed that the prognosis was independently associated with treatment with PMX-DHP (HR 0.345, p = 0.037), ΔP/F ratio (HR 0.989, p = 0.004), andΔLDH (HR 1.007, p = 0.007) ( Table 5) . Survival curves according to the severity of disease before AE-IPF showed that patients with less severe IPF (GAP-stage I) did not have a significant benefit from treatment with PMX-DHP (PMX-DHP+: HR 0.892, p = 0.896; log-rank test, p = 0.896; Figure 5A ), whereas patients with more severe IPF (GAP-stage II and III) had significantly better survival if they were treated with PMX-DHP (PMX-DHP+: HR 0.226, p = 0.031; log-rank test, p = 0.021; Figure 5B ). In patients with GAP-stage II or III disease, the 12-months survival rates was 57.1% in patients treated with PMX-DHP and 0% in patients treated without PMX-DHP. In this study, 6 patients without PMX-DHP treatment satisfied exclusion criteria. To reduce this bias in non-PMX group, we excluded these 6 patients applying exclusion criteria from the analysis. We compared survival curves between 14 patients with PMX-DHP treatment and 11 patients without PMX-DHP treatment, who did not meet exclusion criteria. Although the difference was not significant, patients treated with PMX-DHP tended to have better survival than those treated without PMX-DHP (Additional file 1: Figure S1 , 12-month survival rate, 48.2% vs. 9.1%; log-rank test, p = 0.115). Furthermore, in 12 patients with GAP-stage II or III disease who did not meet exclusion criteria, patients had a significant benefit from treatment with PMX-DHP (Additional file 2: Figure S2 , 12-month survival rate, 57.1% vs. 0%; log-rank test, p = 0.048).
Discussion
Acute exacerbation is common in patients with IPF, with a reported rate of 8.6-14.2% per year [4, 8] . Acute exacerbation has a significant impact on survival, and contributes to the grim prognosis of IPF [1, 4, 8] . There is currently no effective treatment for AE-IPF, including steroid therapy [8] , and the prognosis of AE-IPF is extremely poor [3, [5] [6] [7] [8] .
Development of a novel method of treatment for IPF-AE is therefore desirable. This study found that treatment for AE-IPF with PMX-DHP was safe without severe adverse events, and that 12-month survival rate was significantly higher in patients treated with PMX-DHP than in patients treated without PMX-DHP. The effects of treatment with PMX-DHP were evident in patients with a more severe stage of IPF, and treatment of AE-IPF with PMX-DHP was associated with a favorable outcome. We previously reported the beneficial effects of treatment with PMX-DHP for acute exacerbation of several interstitial pneumonias including AE-IPF, and improved oxygenation in patients treated with PMX-DHP [19] . More recently, Abe et al. reported a larger, multicenter, and retrospective study, which found that treatment with PMX-DHP may improve the survival in patients with AE-IPF compared to previous reports [16] . The precise mechanism by which PMX-DHP improves oxygenation in patients with AE-IPF is unknown. Abe et al. reported that activated neutrophils were adsorbed by the PMX-column [26] , and that the white blood cells count decreased after PMX-DHP [16] . The present study also found significantly decreased white blood cell and neutrophil counts in patients treated with PMX-DHP than in patients treated without PMX-DHP. Treatment of AE-IPF or septic shock with PMX-DHP has also been reported to decrease the concentrations of serum matrix metalloproteinase (MMP)-9 [26] , vascular endothelial growth factor (VEGF) [27] , and angiopoietin-2 [28, 29] , which can facilitate vascular permeability. Direct interactions between activated neutrophils and endothelial cells can induce production of angiopoietin-2 by endothelial cells [30] . In the present study, the serum level of angiopoietin-2 was significantly decreased after treatment with PMX-DHP. These treatment effects may be associated with changes in vascular permeability. The relationships between PMX-DHP and factors that facilitate vascular permeability need to be further investigated. To date, the effect of treatment of AE-IPF with PMX-DHP on their survival has been unclear. The previously reported 12-month survival rate after AE-IPF was about 20% [7, 8] . In the present study, the 12-month survival rate was 48.2%, and survival was significantly better in patients treated with PMX-DHP than in patients treated without PMX-DHP. To the best of our knowledge, this is the first study to show that treatment of AE-IPF with PMX-DHP significantly improves survival compared to that without PMX-DHP.
Angiopoietin
Abe et al. reported a 3-month survival rate of 34.5% in patients treated for AE-IPF with PMX-DHP, which is better than in previous reports [16] . The present study found an even higher 3-month survival rate (61.3%) after treatment with PMX-DHP. This may be because of differences in the duration and timing of PMX-DHP between the two studies. Most patients in the present study received 12-hour periods of PMX-DHP, whereas most patients in the study by Abe et al. received 6-hour periods of PMX-DHP. We recently reported that a longer duration of PMX-DHP (12 hours) was more effective than a shorter duration of PMX-DHP (≤6 hours) [20] . As for timing, time from hospital admission to the start of PMX-DHP was short in the present study (median, one day). PMX-DHP was started as soon as possible in this study, at the same time as steroid-pulse therapy in 17 of the 20 episodes (85.0%), whereas PMX-DHP was started after the start of steroid therapy in the majority of patients (98%) in the study by Abe et al. [16] . These differences in the duration and timing of PMX-DHP may have resulted in better survival in the present study.
Interestingly, this study showed a difference in survival from 3 months after the start of treatment for AE-IPF. The mechanisms underlying this phenomenon are unknown. Oishi et al. reported that PMX-fiber removed profibrotic cytokines such as fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), and transforming growth factor-β (TGF-β) in patients with AE-IPF [27] . Therefore, removal of these profibrotic cytokines may have improved the survival rate in fibrotic phase in patients treated with PMX-DHP. Alternatively, only survived patients, whose pulmonary reserve capacity strikingly decreased, at 3 months from the onset of AE-IPF may have been benefited from treatment with PMX-DHP. Further studies are needed to clarify the mechanisms underlying these findings.
The severity of IPF before AE-IPF was evaluated using the GAP staging system. The GAP system is an easy and reliable method of staging the severity of IPF [23] , that considers of gender, age, and two lung physiology variables (%FVC and %DLCO). In the present study, patients with more severe disease (GAP stage II or III) had better survival after treatment with PMX-DHP. This result may imply an early treatment of AE-IPF with PMX-DHP in patients with advanced IPF. However, patients with less severe disease (GAP stage I) consist of only eight, and further study is needed to clarify this issue.
In the analysis of prognostic factors, PMX-DHP, ΔP/F ratio, and ΔLDH were significantly associated with a more favorable prognosis. However, there was no difference in ΔLDH between PMX and non-PMX groups. We suspect that slight hemolysis may have occurred in patients treated with PMX-DHP, and this hemolysis may be why ΔLDH was equivalent between PMX and non-PMX groups. ΔAngiopoietin-2 2 days after commencement of treatments for AE, pg/mL 1.000 1.000 1.001 0.307 AE = acute exacerbation; IPF = idiopathic pulmonary fibrosis; FVC = forced vital capacity; FEV1 = forced expiratory volume in 1 second; DLCO = diffusion lung capacity for carbon monoxide; 6MWT = six-minute walk test; LDH = lactate dehydrogenase; KL-6 = Krebs von den Lungen-6; SP-D = surfactant protein D; P/F = PaO 2 /FiO 2 ; HRCT = high-resolution computed tomography; PMX-DHP = direct hemoperfusion with a polymyxin B-immobilized fiber column. Patients with GAP-stage II or III disease (log-rank test, p = 0.021). In patients with more severe disease (GAP-stage II or III), the 12-month survival rate was significantly higher in those who were treated with PMX-DHP than in those who were treated without PMX-DHP (57.1% vs. 0%).
